Abstract
In this study, we investigated the distribution of toxin-related genes (TRGs) in the SOX 56 symbionts of ten Bathymodiolus species and in the closely-related SOX symbionts of two deep-57 sea sponge species. We hypothesized that TRGs encoded by all symbionts associated with a 58 certain animal group (mussels or sponges) would be essential for interactions with their animal 59 host such as recognition and invasion of host cells. Furthermore, given that TRGs were most 60 likely acquired by the SOX symbionts through horizontal gene transfer, we aimed to 61 understand how TRG acquisition has influenced genome evolution in this closely-related group 62 of symbiotic bacteria. 63
Previously, genome sequences were available from the SOX symbionts of three 66 bathymodioline species from vents in the Pacific and Atlantic Oceans (Ikuta et al. 2015 ; 67 Sayavedra et al. 2015) . We sequenced and assembled the draft genomes of SOX symbionts 68 from seven additional mussel species from vents and seeps around the world (Table 1,  69 Supplementary Table 1) . Furthermore, we assembled SOX symbiont genomes from 70 metagenomes of three poecilosclerid sponges from the Gulf of Mexico that co-occur with two 71 of the bathymodioline species investigated in this study (Rubin-Blum et al. 2017 ). The draft 72 genomes sequenced in this study were between 90.8 to 98.5% complete, and were sequenced 73 to depths ranging from 24x to 3600x. Their estimated genome sizes ranged from 1.41 to 2.82 74
Mbp. Many of these symbiont genomes may thus be larger than the only closed genome, that 75 of the SOX symbiont of B. septemdierum, which is 1.47 Mbp (Ikuta et al. 2015) . 76
We constructed a well-supported phylogenomic tree with 38 orthologous protein-77 coding genes from the sponge and mussel SOX symbionts and their close relatives. Consistent 78 with previous 16S rRNA phylogenies, the SOX symbionts from mussels, sponges and clams 79 did not form a monophyletic clade, as they were interspersed with free-living sulfur-oxidizing 80 bacteria called 'SUP05' (Petersen et al. 2012; Sayavedra et al. 2015) . The sponge-associated 81 SOX symbionts formed a cluster together with most Bathymodiolus SOX symbionts, which we 82 termed Clade 1 (Fig. 1 and Fig. 2 ). The symbionts of two mussel species, B. heckerae 83 (BheckSOX) and B. sp. nov GoM (BspGoMSOX), clustered in a separate well-supported clade, 84 together with the cultivated sulfur oxidizer Candidatus Thioglobus autotrophica EF1 and 85 SUP05 bacteria from the Pacific Northwest (Clade 2, Fig. 1 ). The intermixing of symbiotic and 86 free-living bacteria in our phylogenomic analysis, and in previous 16S rRNA phylogenies, 87 suggests that either 1) free-living SOX bacteria acquired the ability to associate with 88 bathymodioline mussels multiple times or 2) the free-living bacteria that fall within the highly 89 supported clade of SOX symbionts from mussels, sponges and clams evolved from a symbiotic 90 ancestor. So far, there is no evidence that these symbionts have a free-living stage that is 91 metabolically active, although very closely-related free-living bacteria from the SUP05/Ca. 92
Thioglobus clade are often abundant in hydrothermal vent environments (Anantharaman et al. 93
2012; Meier et al. 2017 ). In fact, the symbionts may rely on their hosts for some essential 94 metabolites since they appear to lack two enzymes considered to be critical for anaplerotic 95 metabolism (Ponnudurai et al. 2016 ). However, the isolate Ca. Thioglobus autotrophica alsolacks one of these central metabolic enzymes: malate dehydrogenase. Thus, a free-living 97 existence may be possible without enzymes previously assumed to be essential. We cannot rule 98 out either of our two explanations above, but clearly, the well-supported clustering of sponge 99 and mussel symbionts suggests that they shared a common ancestor, possibly undergoing a 100 host-switching event, as well as multiple lifestyle switches from free-living to symbiotic and 101 possibly symbiotic to free-living. 102
Horizontal acquisition, expansion and diversification of toxin-related (Table 1) 
(see SI Materials and Methods). 111
We consistently found TRGs in the SOX symbiont genomes of mussels and sponges, 112 and these were highly abundant in the symbionts of mussel species (Fig. 1) . In contrast, none 113 of the genome sequences from bacteria closely related to the mussel and sponge SOX 114 symbionts, such as free-living SUP05 and the vertically-transmitted, obligate intracellular 115 symbionts of clams, encoded TRGs (Fig. 1) . 116 MARTX. One toxin class, MARTX, was found in all of the mussel SOX symbiont 117 genomes, regardless of whether they belonged to Clade 1 or 2. Intriguingly, MARTX were not 118 found in any of the sponge symbiont genomes, even though these symbionts formed a highly-119 supported phylogenomic cluster together with mussel SOX symbionts. MARTX-like genes are 120 known to be enriched in the genomes of symbiotic and pathogenic bacteria that associate with 121 eukaryotes, and often have domains involved in attachment (Satchell 2011) . The presence of 122 MARTX-like genes in all mussel SOX symbionts from two distinct clades, and their absence 123 in closely related free-living bacteria and the symbionts of clams and sponges, is consistent 124 with a role in specific interactions with the mussel hosts, which could include attachment and 125 recognition during colonization and intracellular infection of host gill cells. The length, 126 sequences, domain content and arrangement of MARTX genes were highly diverse as shown 127 previously for symbionts of two mussel species (Sayavedra et al. 2015) (Fig. 3) . Despite this 128 variable domain architecture, the symbionts of all 10 mussel species investigated had at leastone MARTX-like gene with domains involved in attachment such as haemmagglutinin, 130 cadherin, and integrin, indicating their role in attachment to host cells (Supplementary Table  131 2). If they are involved in attachment, they might also play a key role in mediating recognition 132 and specificity. The mussel SOX symbioses are clearly highly specific: all except one of the 133 known host species associate with only one or two 16S rRNA SOX types, which are not found 134 in any other mussel species (see Duperron et al. 2008 for the only known exception). This host 135 specificity is strictly maintained even when multiple mussel species co-occur, such as B. (Fig. 1) . Clade 2 symbionts did not contain any YD repeat genes, but these symbionts 146 co-exist in a dual symbiosis with Clade 1 symbionts that did encode YD repeats (Fig. S1) . 147
These observations support the following hypotheses: I) RTX and YD repeats are not essential 148 for establishing and maintaining an intracellular symbiotic association with mussels, II) RTX 149 genes were acquired by the common ancestor of Clade 1 and lost on multiple occasions, III) 150 YD genes were acquired by the common ancestor of Clade 1, and YD genes were subsequently 151 lost in the B. septemdierum symbiont, and IV) gene duplication contributed to the expansion 152 of the YD genes (SI Results and Discussion). Given that YD and RTX appear to not be essential 153 for intracellular symbiosis, their main role might be to defend their hosts against possible 154 pathogens or parasites (SI Results and Discussion). 155
Secretion system genes. Secretion systems (SS) are often essential for pathogens to 156 survive inside host cells (Green and Mecsas 2016). We therefore searched for SS components 157
in the genomes of the SOX symbionts and their free-living relatives. We found genes encoding 158 components of almost all known SS types. Like the TRGs, these SS components were patchily 159 distributed among the SOX symbiont genomes, and not a single SS was specific to all of the 160 intracellular bacteria (Supplementary Table 3) . 
Conclusions

179
The SOX symbionts of deep-sea mussels and sponges encoded a highly diverse array 180 of toxin-related and secretion system genes. Our comparative genomic analyses identified only 181 one toxin class, MARTX, which was common to all mussel SOX symbionts and might 182 therefore be a gene class essential for host-microbe interactions such as recognition, attachment 183 and symbiont uptake in the mussel symbioses. All other TRGs and secretion systems had a 184 heterogeneous distribution in the symbionts we investigated, which attests to the complex and 185 varied routes of genome evolution taken by the members of this closely-related group of 186 symbiotic bacteria. If the SOX symbionts use their species-specific sets of TRGs and secretion 187 systems to interact with their respective hosts, this would be an example of convergent 188 evolution in which free-living bacteria took multiple unique evolutionary trajectories to 189 become intracellular symbionts of animals, depending on the genes they acquired. 190
TRGs and T4SS that could export protein effectors were not present in free-living 191 SUP05, even though these bacteria are often found in hydrothermal vent plumes in close 192 proximity to mussels (Sylvan et shown at the nodes.
